As carbon becomes a valuable commodity traded in markets for greenhouse-gas emissions, there will be incentives to adopt land uses that capture carbon payments as well as produce other marketable outputs, including biofuels. These production systems may be more sustainable than many of those in current use, but there is also the risk that the growing demand for biofuels will cause land degradation, deforestation and food scarcity. The land-use patterns that arise as a result of carbon markets will largely depend on the 'rules of the game', which will be determined by governments and international agencies. This paper addresses these issues by reviewing the literature on the potential for terrestrial carbon pools to contribute to mitigating climate change. The review covers studies from forestry, ecology, economics, agriculture and other disciplines, reflecting the complexity of the issues and the range of research priorities that will need to be addressed in the next few decades. There is strong evidence that the potential for land-use systems to contribute to climate mitigation efforts is significant, but for this to occur it will be necessary that landholders receive incentives to change their current land uses. These incentives are linked to scientific, institutional and economic factors. An essential component will be the development of markets that allow the trade of emission reductions from both the energy sector and the land-use change and forestry (LUCF) sector. Technical factors that will contribute to success include: creation and analysis of remote-sensing and socio-economic datasets to estimate credible baselines; development of simple and inexpensive techniques for measuring soil carbon; and development of agreed standards that relate land-use and biophysical characteristics of a site to carbon content. Much research is being done to address these factors, and monitoring and reporting systems for LUCF activities are operational under the Kyoto Protocol, but obstacles remain for widespread implementation. There is a window of opportunity for projects to be developed that restore degraded croplands, avoid deforestation and encourage reforestation. This opportunity has a limited life span that depends on the duration of the transition period to low-carbon energy technologies that will ultimately carry the burden of climate change mitigation.
Introduction
Evidence of climate change and realization of its possible consequences have led to much debate in the literature. As a result of these concerns, carbon is becoming a valuable commodity traded in markets for greenhousegas emissions. There are several important greenhouse gases, but the most common in the atmosphere, and the main gas emitted by burning fossil fuels, is carbon dioxide (CO 2 ). Emission reductions are measured in CO 2 equivalents (CO 2 e) and traded in the carbon market. Other greenhouse gases are also traded after conversion into CO 2 e, based on their global-warming potential. Two greenhouse gases affected by land-use activities in addition to CO 2 are methane (CH 4 ) and nitrous oxide (N 2 O), with warming potentials of 23 and 296 CO 2 e, respectively [1] . The value of carbon transactions exceeded $64 000 million in 2007, representing about 2.9 Pg CO 2 e [2] . Landuse patterns throughout the world will be affected by these developments as the market grows and techniques for monitoring and accounting for carbon are refined.
Land-use change and forestry (LUCF) systems are sources of greenhouse gases as well as sinks. Tree-based systems can reduce net emissions by sequestering CO 2 from the atmosphere through the process of photosynthesis. This carbon can remain fixed in biomass and soils for long time periods. Agricultural systems also sequester carbon in biomass and soils, but most or all of this carbon may be released annually, depending on land management practices. Some LUCF systems also emit other greenhouse gases such as methane and nitrous oxide.
The Kyoto Protocol has provided the context within which the policy debate on global warming has occurred. Considerable scientific contributions have been made to the United Nations Framework Convention on Climate Change (UNFCCC) over the last decade, particularly through the Intergovernmental Panel on Climate Change (IPCC), which has produced a number of technical reports [3] [4] [5] [6] [7] [8] [9] . The Kyoto Protocol contains two articles of special relevance to this paper: Joint implementation (Article 6) and the Clean Development Mechanism (Article 12). Joint implementation allows collaboration among Annex 1 countries, and the Clean Development Mechanism (CDM) allows collaboration between Annex 1 countries and developing countries that have no emission caps. Annex 1 countries include the OECD countries (except Mexico and Turkey) and transition economies in Eastern Europe which have emissionreduction commitments under the Kyoto Protocol.
Eligible LUCF activities under the Kyoto Protocol include afforestation, reforestation, forest management, crop management, grassland management and revegetation. All these activities can be undertaken as joint projects between Annex 1 countries (Article 6), but only afforestation and reforestation are eligible within the CDM (Article 12) [10, 11] .
LUCF projects designed to capture carbon payments differ in terms of their cost per unit of carbon sequestered and other environmental and social benefits provided. For example, a complex agroforest may represent an efficient use of labour, provide sustenance and contain higher biodiversity than a monoculture of a fast-growing tree species. A large-scale monoculture plantation, on the other hand, may accumulate more carbon and provide employment, but it may provide little biodiversity and social benefit besides employment. Most landholders would not be able to participate in carbon markets directly because of high transaction costs. They would enter the market as members of a project that covers transaction costs. The likelihood that particular land-use systems will be adopted will be influenced by environmental, economic and social factors, but ultimately the 'rules of the game' that determine the incentives experienced by landholders will hinge on decisions by governments and international agencies.
In this review, we assess the potential for biological mitigation to help reduce greenhouse-gas emissions; present an overview of terrestrial carbon pools and their measurement; review land-use options available to sequester carbon or reduce emissions; and identify the main issues surrounding carbon accounting in terrestrial systems, and the associated economic factors that will determine whether landholders engage in carbonsequestration activities. We conclude with a discussion of the possible future patterns of land use that may emerge as a result of carbon markets.
Global Warming and Carbon Sinks
The Global Carbon Cycle
The greenhouse effect is a naturally occurring process whereby gases that prevent infrared radiation from escaping the earth's atmosphere cause global temperatures to rise. Over the last 150 years, this process has been exacerbated by increasing quantities of greenhousegas emissions into the atmosphere, largely caused by deforestation and burning of fossil fuels. Atmospheric CO 2 concentrations have increased from a pre-industrial level of 280 ppm to 368 ppm in 2000 [1] . The greenhouse effect is expected to result in global climate change, which will lead to sometimes severe socio-economic and environmental consequences [4] .
The impact of a greenhouse gas on global warming depends on the amount of heat that is blocked from escaping into space [12] . On average, over a year, about a third of solar radiation entering Earth is reflected back to space; the remainder is absorbed by land, ocean and ice surfaces, as well as by the atmosphere. The solar radiation absorbed by the Earth's surface and atmosphere is balanced by outgoing (infrared) radiation at the top of the atmosphere (the troposphere). Some of the outgoing radiation is absorbed by naturally occurring greenhouse gases and by clouds. A change in average net radiation at the troposphere is known as radiative forcing. An increase in atmospheric greenhouse-gas concentration leads to a reduction in outgoing infrared radiation (positive radiative forcing) which tends to increase global temperatures [1, 13] .
Carbon is cycled through four main global carbon pools: the atmosphere, the oceans, fossil fuels and terrestrial biomass and soils ( Figure 1 ). During the 1990s, burning of fossil fuels increased atmospheric carbon levels by 6.3 Pg C/yr. Terrestrial systems released 119 Pg C/yr into the atmosphere and absorbed 120 Pg C/yr. Oceans absorbed 92 Pg C/yr and released 90 Pg C/yr. The net result of these fluxes is that atmospheric carbon levels increased by about 3 Pg C/yr [14] , with annual variations ranging between 2 and 6 Pg C/yr depending on climatic factors such as El Niño events. Events in tropical regions are the primary driver for this inter-annual variability [1] .
Changes in atmospheric carbon at any time (t) are a result of the interactions between sources and sinks. More formally:
The stock of atmospheric carbon at a given point in time (C A, t ) is given by the stock of atmospheric carbon in the previous time period (C A, t71 ) plus the difference between sources, the flows into the atmosphere from the various pools (c FA , c LA and c OA ), and sinks, the flows from the atmosphere to other pools (c AL and c AO ). Carbon emissions from fossil fuels are affected by the availability of biofuels (c B ) and energy technologies (z); this is represented by the functional dependence c FA (c B , z) in equation (1) . The variable z embeds any technologies that may reduce carbon emissions, including wind, solar, tidal and nuclear energy generation, as well as carbon capture and storage and technologies that reduce energy demand through efficiency gains. The composite variable z is obviously of critical importance in the effort to reduce carbon emissions, but it is not considered in this review. This review concentrates on the role of the LUCF sector, which includes sequestration by biomass and soils (c AL ), emissions from biomass and soils (c LA ) and biofuel production (c B ).
The rate c LA [ Figure 1 and equation (1)] includes emissions caused by deforestation and agricultural activities, whereas c AL includes carbon sequestration by plants and soils. The LUCF sector can contribute to mitigation by decreasing c LA , increasing c AL , or both. The balance of these exchanges is referred to as biological mitigation.
Biological mitigation can occur through three strategies: (i) conservation of existing carbon pools; (ii) sequestration by increasing the size of existing pools; and (iii) substitution of fossil fuels by biomass in energy production. Options (i) and (ii) result in higher terrestrial carbon stocks but can lead to higher CO 2 emissions in the future (e.g. through fires or land clearing for agriculture), whereas (iii) can continue indefinitely [6] . [3, [15] [16] [17] [18] [19] . In Europe, for example, the realistically and conservatively achievable potentials are about 20 and 10%, respectively, of the theoretical potential when socioeconomic and other constraints are taken into account [19] . Mitigation potential is often reported at different scales and for particular land uses, and may not consider the same carbon pools, making comparison and aggregation problematic [17] .
The IPCC estimated the global potential of biological mitigation to be about 100 Pg C (cumulative) by 2050, equivalent to about 10-20% of projected fossil fuel emissions in the intervening period [6] . According to Brown, forestry in Asia could conservatively mitigate 24 Pg C by 2050, of which 20 Pg C would be in tropical forestry. Plantations and agroforests would account for 58%, with about 20% of this accumulating in soils, litter and belowground biomass [16] .
Cannell estimated global biological carbon storage capacity to range from 10 to 200 Pg C over the next 50-100 years. He also estimated the potential of carbon substitution using energy crops to be in the range 0.2-0.5 Pg C/yr for the world. The most optimistic values are the theoretical potential, while the least optimistic values are conservatively achievable [15] . In comparison, Thomson et al. estimated the potential of global terrestrial carbon sequestration to range from 23 to 41 Pg C for 2000-2100 [20] . They found that reforestation has the largest potential (up to 0.31 Pg C/yr), followed by [14] agricultural soils (up to 0.21 Pg C/yr) and then pasture (up to 0.15 Pg C/yr).
The IPCC reports the global potential of afforestation and reforestation to be 60-87 Pg C between 1995 and 2050, with 70% of this in tropical forests, 25% in temperate forests and 5% in boreal forests [3] . This would be sequestered at an average rate of 1.1-1.6 Pg C/yr in aboveground and belowground biomass. Including additional activities such as improved land-use management could increase carbon sequestration to 2.5 Pg C/yr by 2040 [3] . Bloomfield and Pearson estimate the total sequestration potential of tropical forests to be 160-170 Pg C and the mitigation potential of totally avoiding tropical deforestation to be 400-500 Pg C [17] . By 2050, sequestration potential is reported at 21-47 Pg C for tropical forestry, including reduced deforestation; 24 Pg C for tropical and temperate forestry; and 9-12 Pg C for cultivated tropical agricultural soils. The production of biofuel crops and agroforestry in tropical regions would sequester 0.2-0.7 Pg C/yr [17] . Makundi and Sathaye estimate the cumulative mitigation potential of tropical forestry in developing countries to be at least 6.9 Pg C for 2000-2030, sequestered at an average rate of 0.2 Pg C/yr, to which agroforestry would contribute 6-21% [18] .
Despite the wide range of values presented in the literature, it is evident that there is significant potential for biological mitigation.
Terrestrial Carbon Pools
Accounting for carbon sequestration in LUCF projects involves measuring four pools [21] : aboveground living biomass belowground living biomass necromass soil organic and mineral layers Not all pools need to be measured at the same level of precision or at the same frequency during the lifetime of a project [22] . In the initial inventory, the relevant carbon pools must be measured to establish the baseline, but in subsequent monitoring only selected pools need to be measured, depending on the type of project [23] . The level of precision to which each pool can be measured at reasonable cost is discussed by Hamburg [21] .
Aboveground Living Biomass
Aboveground living biomass is the largest component of biomass in tropical forests [24] . Biomass contains approximately 50% carbon (on a dry-weight basis), therefore a conversion factor of 0.5 between biomass and carbon is well accepted in the literature [21, 23] .
There are two main techniques to estimate aboveground living biomass in tree-based systems (including forests, plantations and agroforestry): allometric equations and volume-biomass equations.
Allometric equations
The simplest procedure for measuring carbon in aboveground living biomass consists of measuring a sample of trees and using allometric equations to estimate biomass. Allometric equations relate tree biomass to quantities that can be measured by non-destructive means, such as diameter (D), height (H) and wood density (S) [24, 25] . Allometric methods have been shown to be robust among species and genera, and can predict biomass of closedcanopy forests to within +10% [21, 23] .
Several functional forms have been used to fit allometric equations to field data (gathered by destructive means). The two most common types are power functions and polynomials. The former type is generally preferred because power functions are common in biology, whereas polynomial functions may assume biologically unreasonable shapes [25] . Here, we consider only power functions with the general form:
where B is biomass, in kg per tree; D is diameter at breast height (measured at 1.3 m above the ground), in cm; H is tree height, in m; S is specific gravity (wood density), in Mg/m 3 ; and Greek letters are parameters estimated through regression techniques. The algebraic representation of allometric power functions varies in the literature, but the most common functions fit within the general form of equation (2) . For example, when D is used as the only regressor, g and d are effectively forced to assume a value of 0. Parameters are sometimes estimated through nonlinear regression techniques, but more commonly equation (2) is converted to linear form by taking natural logarithms, to obtain:
This function can be easily fitted through ordinary leastsquares (OLS) regression. The estimated linear model (3) can be re-transformed into the original nonlinear model (2) , but the parameters may need to be adjusted to correct for bias [26] [27] [28] . Some authors have pointed out that H is easy to measure for some individual trees but not for a whole inventory, particularly in a closed forest [25, 26, 29] . Therefore, it is generally recommended that the full inventory be based on measuring only D [29] . In addition to this logistical reason for not including H in equation (2) which introduces multicollinearity into the regression and may result in biased estimates [28, 30] . This does not mean that the information contained in H must be wasted. If the full inventory of D is coupled with a small subsample of H, then the relationship between D and H in the subsample can be used to improve the precision of the b estimate [25] and multicollinearity is avoided. When D and H are both included as regressors, it is common to force b=2 and g=1, because D 2 H is proportional to volume and biomass [25] .
There are arguments for and against the inclusion of S in equation (2) . Estimating wood density directly can be expensive and time consuming [30] , but its inclusion in the regression may improve the estimate of a. A compromise for multi-species forests is to use the mean S value per species, as this information is available in the literature for a large number of species [32] . For singlespecies plantations, no advantage is gained from including average density, as this simply scales the value of a and does not reduce its variance [30] . When mean S values per species are included in equation (2), it is common to force d=1, which effectively scales a according to tree species.
Wood densities can vary considerably between species. In tropical forest, measured values have ranged from 0.2 to 1.05 Mg/m 3 [26] . In secondary forest in Sumatra, wood density varied between 0.53 and 0.67 Mg/m 3 , with a mean of 0.6 Mg/m 3 , similar to the average value for tropical forests [25] . Wood density can also vary with location, climate and management [25] , and it can also vary significantly for large trees [24] .
LUCF projects could apply existing allometric parameters to estimate biomass carbon rather than use destructive measurement techniques; although large projects could generate their own allometric equations based on destructive sampling during the project planning and design phase. A selection of allometric parameter values from the literature is presented in Table 1 . For ease of comparison, parameter values reported in the original papers have been transformed to their power form [equation (2)] when necessary. There is evidence that samples cannot be grouped across life zones without a statistically significant loss of information [26] , so it is recommended that parameters specific to a given life zone and forest type be used [32] . This is partly because trees tend to be taller in wet zones than in dry zones, thus a tree of a given diameter has more biomass in a wet zone.
Volume-biomass equations
The second non-destructive method of measuring aboveground living biomass applies when the merchantable volume of trees in a plot is known, as it happens with commercial forestry operations. In this case, biomass is estimated based on wood density and biomass expansion factors [29] . The general formula is:
where V is merchantable volume, in m 3 ; BEF represents the biomass expansion factor, measured as the ratio of total aboveground biomass to merchantable biomass in the stem [26] ; and B and S are biomass and wood density as previously defined. Multiplying V and S converts volume to biomass, and BEF 'expands' the biomass estimate from the stem to the whole tree.
For undisturbed primary forests in the tropics, BEF values have been estimated at between 1.57 and 1.95, but there is evidence that these factors vary considerably within as well as between countries and life zones [26] . Tropical hardwoods tend to have higher BEF values than Based on IPCC guidelines for climatic regions, mean annual precipitation (dry < 1000 mm, wet >2000 mm). 2 Results from OLS regressions on pooled data from 8 sources in subtropical and tropical areas. 3 Results from OLS regressions on pooled data from 25 sources, mostly in Europe and USA, but including one Indonesian study.
temperate hardwoods [29] . A recovering secondary forest or plantation may initially have a high BEF which then decreases over time [26] . Trees with D!30 cm have BEF values ranging from 1.5 to 2.0. The IPCC [35] provides BEF tables for a range of species and environments.
Belowground Living Biomass
Belowground living biomass consists mostly of roots. This is an important pool that can represent up to 40% of total biomass [36] . The biomass of roots is difficult and time consuming to measure directly and requires destructive techniques that can be very expensive [23] , therefore root biomass is generally estimated using root to shoot (R/S) ratios [29] . Cairns et al., in an extensive review of values from the literature, found an overall mean R/S of 0.26, with 50% of observations falling in the range 0.18-0.3 independently of latitude, soil texture or tree type [36] . Root carbon storage may be lower in plantations than in natural forests. In 20-year-old teak plantations in Panama, R/S ranged between 0.11 and 0.23 and variability was not related to tree size when trees were of the same age [31] . In young eucalyptus plantations in Australia (1-10 years), the mean R/S ratio was 0.256 [27] .
Brown [23] recommends multiplying the aboveground biomass results by 1.26 to obtain a rough estimate of total living biomass. A more conservative approach is to use R/S values of 0.10-0.15 [37] , with the lower values in this range applying to tropical ecosystems and the higher values to regrowing forests in temperate ecosystems [21] . This is a cautious approach to avoid the possibility of crediting non-existent carbon.
Necromass
The necromass pool includes the carbon contained in dead trees, leaves, branches and other vegetation. This pool can account for 10-20% of aboveground biomass in mature forests [29] . Necromass is generally divided into coarse and fine, with the breakpoint set at 10 cm diameter [29] . Annual leaf litter inputs do not need to be accounted as part of the necromass pool, since this input is balanced by decomposition losses within the soil and the net effect is included in the measurement of the soil pool [21] .
The amount of necromass varies considerably with forest type and disturbance history, and estimating this component accurately can be very time consuming and subject to high uncertainty [21] . A difficulty with its measurement is that it must be classified into decomposition classes and correlated to wood density [29] . This component can be ignored in carbon inventories if there is certainty that it will not decrease as a result of the project. Tropical forests tend to carry relatively more of their biomass in the standing crop than temperate forests, therefore ignoring necromass in the former is less of a problem than in the latter [26] . Results for a pine plantation in Australia, demonstrate that because of its relatively slow decomposition rate, woody debris (dead logs, branches and twigs) that accumulates on the forest floor could potentially be a relatively long-term carbon sink, and partly offset soil carbon losses that usually occur when pasture is converted to pines [38] .
Soils
Soils are the largest carbon pool in terrestrial ecosystems, but incremental changes in this pool are slow and small relative to the size of the pool. There is also high local variability of soil characteristics and carbon content [10, 39] . Several factors affect carbon accumulation in soils (litter production and composition, soil biology, hydrology and climate), and complex interactions between input rates and decomposition rates can result in very heterogeneous situations [40] . Soil carbon sequestration is usually most rapid after a land-use or management change and it decreases over time until the soil carbon stock reaches a new equilibrium. The soil carbon accumulated may be lost if the carbon-sequestering management practice is reversed [19] . The time taken for soils to reach carbon saturation (a new equilibrium) is highly variable, ranging from one century in temperate regions to several centuries in boreal regions [19] .
Although, as a general rule, reforestation projects in agricultural or degraded land tend to increase soil carbon, the amount of soil carbon also depends on tree species; therefore the sequestration potential cannot be established without considering the characteristics of the vegetation as well as the soil [10] .
Studies on soil carbon storage have reported often conflicting results from similar management practices, probably as a result of different site factors [40] . It is difficult to compare soil organic carbon between locations and crops. In many cases, the site and soil heterogeneity in a region is so great that it is difficult to verify positive carbon sequestration in soil [41] . For LUCF projects that are known to have non-decreasing effects on soil carbon, it may not be necessary to measure soil carbon after the baseline is established [21, 23] . However, Hamburg argues that, by using a few generalized principles, it should be feasible to measure soil carbon to an acceptable level of accuracy for biological mitigation projects [21] . The highest concentration of soil organic carbon is in the upper layer of the soil and it decreases exponentially with depth, so measurements of at least the top 30 cm of soil should be taken [10] .
Soil carbon is lost rapidly when soils are cultivated and it is gained slowly when agricultural land is converted to grassland or forest [42] . Conversion of pasture to plantations has been proposed as a means to increase rates of soil carbon sequestration. However, there is evidence that plantations may produce only small increases in soil carbon in tropical regions (about 20 Mg/ha after 7 or 8 years in teak plantations) [31] , and several studies have indicated that soil carbon decreases after planting conifer trees into pasture. The loss of soil carbon detracts from the role that plantation forests can play in net carbon sequestration. Nonetheless, planting pine trees onto a native temperate Australian pasture was shown to sequester a significant amount of total carbon in 16 years despite losses in soil organic carbon [43, 44] .
Accounting for Carbon Sequestration
The process of capturing and measuring carbon is a necessary but not a sufficient condition for LUCF projects to participate in carbon markets. Carbon sequestered needs to be accounted for in a way that ensures the carbon changes are real, directly attributable to the project, and additional to any changes that would have occurred in the absence of the project [22] . The project proponent must estimate a baseline, demonstrate additionality, account for possible leakage and deal with the problem of permanence [10] . The impacts of the project on carbon sequestration must also be monitored and certified. These various aspects of accounting for carbon sequestration have caused much debate in the literature; here we reference only a small selection of papers but cover the major issues. The UNFCCC provides a number of useful documents detailing methodologies and procedures for CDM afforestation and reforestation projects (http://cdm.unfccc.int/methodologies/ARmethodologies/ index.html, accessed 9 July 2008).
Additionality
Projects that qualify for carbon credits must satisfy the additionality requirement that reductions in emissions must be additional to any that would have occurred in the absence of the project [11, 45] . In order to establish additionality, it is necessary to establish a baseline, and only those emission offsets above the baseline are eligible in the carbon market. The need for the additionality requirement arises when projects (or countries) are not subject to a cap that must be covered by emission allowances. Strictly speaking, additionality would not need to be established if the project takes place in a country with emission caps and where comprehensive and accurate carbon accounting is applied. However, crediting non-additional projects increases the costs of compliance for other sectors in the economy and causes inequity concerns [46] .
Additionality can be difficult to establish. In theory, a project would not be additional if it were profitable on its own right. However, landholders make decisions based on perceived private benefits, costs and risks, availability of finance, and other factors such as institutional obstacles. Therefore, establishing that a particular land-use decision would not have occurred in the absence of a project may require not only a financial analysis but also a behavioural model [46] .
In the case of smallholder projects in developing countries, it might be argued that some agroforestry systems do not satisfy the additionality requirement, as they are already being adopted in some regions. However, there are large areas of underproductive land that are not being rehabilitated. Thus, it could be argued that smallholder projects in these areas are not likely to be successful without the additional funds and 'enabling conditions' provided by carbon projects [47] .
Baselines
Establishment of baselines can be an expensive activity, particularly in areas subject to rapid changes in population and government policies. Establishing baselines requires information regarding pressures on the land and its resources, history of land use in the project area, soil types and topography, socio-economic activities, and the likely evolution of these factors through time.
Baseline estimation can be undertaken on a caseby-case basis [48] or using a generic estimate based on sectoral and regional characteristics [10, 49] . Some authors advocate the use of regional baselines, on the grounds that project-specific baselines are subjective, generate inconsistent results, and are likely to exhibit high transaction costs [50] . The lack of adequate information, however, restricts the use of generic methods [10] , which means that we must rely on models to set regional baselines.
The process of baseline development will vary by project type. The simplest case is for reforestation of grasslands that are not under development pressure; the baseline would be flat, with constant soil and biomass carbon stocks through time. The most complex case is for forest conservation, where 'business as usual' involves land clearing. In this case, future rates of deforestation must be predicted, which requires information on past deforestation rates, population growth, forest accessibility and other factors. An intermediate case is for reforestation of land under continuous cropping, where soil carbon may be decreasing over time under current practices: this means likely rates of soil carbon loss must be predicted [51] but no behavioural assumptions on future land clearing are necessary.
Leakage
Leakage occurs when emission reductions achieved within a project cause increased emissions outside the project boundary [46, 52] , or at a later period of time. Two main mechanisms for leakage exist: activity shifting and market effects [10] . Activity shifting would occur when reforestation of agricultural land causes farmers to move and deforest a different area [10] . Market effects may occur where protection of forest plots reduces the supply of timber and agricultural products, causing prices to increase and leading to clearing of other forested areas [46] . Empirical estimates for the USA show leakage from forestry projects varies considerably, ranging from < 10% to >90%, depending on the activity and region [53] .
Almost all tropical forests have people living in or around them, so failure to compensate communities affected by LUCF projects can lead to leakage. In these areas, involvement of local stakeholders is a pre-requisite for success [10] . Projects may be designed with 'leakageneutralizing' features that enhance the productivity of the remaining agricultural land through fertilizers, improved seeds and improved grazing systems [46] .
Leakage is not unique to LUCF projects; it can arise in the energy sector as well. For example, projects that reduce the demand for fossil fuels may lead to a decrease in their price, which may lead consumers in countries not constrained by the Kyoto Protocol to increase their consumption of fossil fuels and their CO 2 emissions [46] . According to the IPCC, leakage of 5-20% may occur through relocation of carbon-intensive industries [6] .
Permanence
The problem of permanence arises because LUCF projects tend to be temporary in nature, since much of the CO 2 captured during forest growth is released upon harvest. In contrast, projects in the energy sector that reduce emissions are permanent, in the sense that an avoided emission will never reach the atmosphere. Some argue that this is not entirely true, because a fossil-fuel deposit not used today can always be used later [54] , resulting in delayed, but not avoided emissions.
An argument in favour of biological mitigation is that it can sequester large amounts of carbon over a much shorter time scale than is required for energy consumption patterns to change [55] ; therefore, non-permanent forestry projects can be useful as intermediate policy options. Furthermore, plantations established in a uniform rotation increase long-term carbon stocks through replanting after harvest [31] , and this represents a permanent reduction in net emissions.
Three approaches to dealing with the permanence problems have been discussed in the literature [54] . The tonne-year approach [56] is based on the concept of absolute global warming potential. Under this scheme, a LUCF project would receive annual payments for carbon sequestration scaled by an equivalence factor based on the residence time of greenhouse gases in the atmosphere. Cacho et al. have shown that this approach offers little incentive to sequester carbon compared to the incentive to harvest provided by the timber market [57] . A second approach calls for the development of rental markets for carbon [58] . From a financial perspective, it is easy to shift between the value of an asset (permanent credits) and the annual value of the services it provides (rental markets). The market would provide the value of a rental credit based on the value of a permanent credit and considering the additional costs of monitoring rental contracts. A third approach is the use of temporary credits, which expire after a given period of time and must be replaced by the buyer. This approach is currently used under the CDM.
Measurement Issues
The preferred method to measure carbon sequestration is the stock-change approach, where stocks are estimated at a given point in time, re-estimated at a later time, and the net uptake is calculated as the difference between the two measurements. The time period between measurements is an important consideration [59] . The Kyoto Protocol has a five-year commitment period and this may be a convenient interval for reporting land-use carbon given its variability and the cost of accurate measurement.
The recommended approach for field measurement of carbon sequestration is to use permanent sampling plots [29] . Well-established statistical techniques can be used to determine the sampling design and intensity required to achieve a given level of precision [37] . For large projects, random sub-samples of permanent sampling plots can be monitored each year. Larger projects may also benefit from imaging techniques and remote sensing based either on satellites or low-flying aeroplanes [23, 29] .
Remote sensing can be used for land-cover discrimination to monitor deforestation and to estimate aboveground forest carbon stocks [60, 61] , but the technology for the latter is still expensive and appropriate only for limited areas. Greenberg et al. show that with accurate classification maps and allometric equations, remote sensing can be used to generate acceptable regional biomass estimates [61] .
Computer modelling can be used to estimate baselines and to predict carbon sequestration over time [62] . Modelling can also be used in periods between inventories to reduce the cost of doing field measurements. Modelling of biomass accumulation can be based on single-equation models [22, 57, 63, 64] , or on process-based models of different levels of complexity. Computer models that have been used to predict carbon sequestration rates of the baseline and alternative land-use systems include CEN-TURY [65] , WANULCAS [51, 66] , SCUAF [67] , CO 2 FIX [68] and GORCAM [69, 70] . Some of these models require a large number of parameters and are laborious to calibrate, whereas others are relatively simple and provide default parameter values based on climate and latitude.
http://www.cababstractsplus.org/cabreviews
Post-harvest Storage Issues
Whether and how harvested wood products will be accounted for has been a controversial issue in the literature [11, 71] . Excluding wood products from carbon accounting means carbon in harvested products is assumed to oxidize immediately and is therefore considered to be an emission in the year in which it is harvested [72, 73] . This is correct provided the wood products pool, including wood in landfills, remains constant over time [11] .
Accounting for carbon in harvested wood products would provide an incentive to increase this pool, or reduce its decrease [11] . Wood products can store carbon for long periods of time and their carbon storage benefit would be increased by manufacturing even longerlasting products [74] . Harvested wood products should be eligible only if emissions from managed forest lands are reported, otherwise there would be a perverse incentive to overexploit forests to maximize this pool [11] .
Carbon storage in wood products is offset by emissions from plantation operations, harvesting, transport and processing [74] , but wood can be used for building materials instead of other products that require more energy in the production process, such as concrete, steel and aluminium [40, 69, 70] . Schlamadinger and Marland highlight the importance of fossil-fuel displacement when wood products are substituted for more energy-intensive materials [69] . This is an indirect saving of carbon emissions. The prominence of this component in simulation results suggests that a better understanding of this energydisplacement factor is required [69] .
The mitigation impact of landfills is uncertain because some waste wood products will degrade and deplete carbon, and landfills may also emit methane [74, 75] . Woodbury et al. estimated that wood products in landfills comprised 3% of carbon stocks for the forest sector in the USA in 2005 [76] .
Economic Factors
Two types of systems for carbon transactions exist: a capand-trade system, which distributes allowances that must be used by entities under the cap to cover their emissions; and a credit system, where credits are earned by reducing emissions below a baseline [59] . If a participant in the market can reduce emissions below its cap, it can bank (carry forward) or sell its allowances [77] . By permitting trade, the system encourages the most efficient operators to reduce emissions and results in a lower-cost abatement strategy than would occur under fixed individual targets. A credit system operates on a voluntary basis [59] and LUCF projects belong to this category. These projects could trade in the allowance market if several technical and institutional obstacles were overcome; some of which have been discussed in previous sections.
Monitoring and reporting systems for LUCF activities are operational under the Kyoto Protocol [11] , but obstacles remain for widespread implementation. From an economic perspective, the feasibility of LUCF carbon projects hinges on three major factors, the precision and cost of measuring carbon, the integration of LUCF credits into carbon markets, and the level of incentives received by landholders to participate. Each issue is discussed below.
Carbon Measurement
A fundamental question is what levels of accuracy and precision are required in measuring carbon stocks to make them acceptable in the market [24] . Brown [29] argues that existing allometric methods are reasonably accurate (biomass estimates are unbiased), but the precision of the measurement (the confidence interval) varies with three types of error: sampling error, measurement error and regression error.
There is evidence that sampling error is the largest source of error, accounting for over 90% of the total in regional estimates of the volume of growing forest stock [78] . Fortunately, this error can be reduced by increasing the number of plots measured. The number of sampling plots required to achieve a given level of precision depends on the number of samples and on the homogeneity of the environment, but not on the size of the population being sampled [46] . This means that there are strong economies of scale in sampling forest carbon, and owners who pool their estates in a cooperative could achieve the required precision from the much larger pooled estate [27] and reduce measuring costs [29] .
In forest projects, measuring costs can be as low as $0.28/Mg C, but achieving this requires a nationwide system of permanent sampling plots [77] , and this sort of system does not exist in many countries.
Soil carbon represents the largest carbon pool of terrestrial ecosystems and has considerable potential to sequester carbon but, as discussed earlier, obtaining credits from soil-carbon sequestration is hampered by several factors: the need to monitor small incremental changes relative to a large carbon pool, long-time periods to accrue the full carbon benefits, high local variability of soil-carbon content, and relatively costly soil-carbon measurement procedures [10, 19, 39, 54] . As a result, the costs of measurement, monitoring and verification of soilcarbon sequestration may outweigh the value of carbon sequestered [19, 22, 79] . The cost of measuring a single sample of soil carbon was estimated at $16.37 in agricultural soils in the Northern Plains of USA [80] . Given the need for several samples to obtain an acceptable level of precision for a site, it is obvious that more research is needed developing cheaper laboratory methods to measure soil carbon [10, 39] .
Market Integration
The challenges of baseline calculation and leakage do not pertain solely to carbon-sequestration projects [77] , and the uncertainty associated with carbon measurement in LUCF projects does not need to eliminate them from the market. A trading system can operate as long as the measurement process is accepted by the market [59] . Chomitz observed that sectoral or regional baselines for forest emissions may provide a basis for assuring permanence, facilitating baseline determination and reducing leakage [46] . Other authors observe that most of the obstacles vanish if LUCF is brought fully into the cap-andtrade system used in the energy sector [59] .
Bonnie et al. (p. 1863) state: 'For a market to operate effectively, carbon-sequestration credits must not only be measurable, they must also be fungible with credits produced in other sectors of the economy' [77] . A full carbon-accounting system that monitors all carbon stocks permanently is the preferred option [77, 81] , particularly if avoided deforestation is to be eligible [11] .
An efficient emissions trading system requires comprehensive data on greenhouse-gas emissions and sequestration, and this may be a problem for some countries which do not have the necessary skills and infrastructure [77] . This brings up important questions involving overseas development assistance.
Landholder Incentives
Landholders will undertake carbon-intensive land uses only if the reward they obtain exceeds the opportunity cost of abandoning their current practices, and provided no unreasonable risks are introduced by the land-use change. The opportunity costs of changing production practices are site specific and they can vary considerably among landholders and production systems. Richards and Stokes observe that, in the price range of $10-150/Mg C, there is global potential to sequester more than 2 Pg C/yr for several decades [82] .
In order to participate in the carbon market, it is not enough for landholders to cover their opportunity costs; they must also incur transaction costs to certify the abatement services they provide [83] . Transaction costs can arise from the transfer of any property right [84] . In the case of carbon markets, transaction costs tend to be high because the property right to be exchanged is difficult to measure and its exact size is subject to uncertainty. Transaction costs can be thought of as the cost of converting carbon into a marketable commodity, and this requires monitoring, verification and certification to assure buyers that the commodity they are paying for actually exists [23, 83] .
A large portion of transaction costs tends to be fixed and occur long before any revenues are obtained [83, 85] . This means that, except for large corporations, most landholders would only be able to participate in carbon markets as members of a project. The project would cover most of the transaction costs, so they would not be directly borne by landholders selling carbon. However, transaction costs would affect the size of payments, and therefore the incentives experienced by landholders, as the project would distribute revenues from carbon sales only after covering its costs. Market intermediaries can pool risk and allow hedging against uncertainties [59] ; they can also bundle projects into a portfolio, freeing investors from being tied to a particular project and reducing transaction costs by pooling technical skills for developing baselines and monitoring plans [83] . These institutional developments, in conjunction with ongoing scientific progress to develop precise and inexpensive monitoring techniques, will determine whether the opportunities offered by carbon markets translate into landholder incentives.
Implications for Land-use Patterns of the Future
The physical environment may be radically affected by changed patterns of land use associated with the emergence of carbon markets [57] . The supply of greenhouseabatement services by the LUCF sector, and the patterns of land uses that will emerge as a result, will depend on resource endowments and the availability and costs of relevant technologies, and these will be partly determined by location and the availability of suitable land [83] . Lal and Bruce (p. 183) state: 'From a global policy perspective' . . . 'a program that restores degraded croplands, and increases soil organic carbon, as well as contributing to reduction of atmospheric CO 2 , represents an enormous opportunity' [86] . Soil organic carbon improves plant-available water, soil biodiversity and soil quality in general [86] . Given these benefits, improved agricultural management should be attractive as part of integrated sustainability policies [19] , independently of climate policy, but climate policy may provide the impetus required for change to occur. In this section, we review land-use options and discuss implications for the future.
Land-use Options
As discussed earlier, biological mitigation can be achieved by sequestering carbon, reducing carbon emissions, and substituting biomass for fossil fuels. Choosing land uses for a LUCF project depends on several factors including the land-use history and quality of the site and the potential for biological mitigation. Figure 2 (based on [17] ) is a simplified representation of the options available. In this figure, the option of converting forest land to agriculture is not available, because this would decrease the carbon content of the land and work against the objective of designing LUCF projects that capture carbon payments.
Degraded forest land could be reforested with native species or with monoculture plantations, and its outputs could be used to produce biofuels. The only option for mature forest is conservation, as any other activity would release carbon. If the forest is not mature, it could be managed to increase carbon stocks, which could involve changing harvest regimes and undertaking low-impact logging. Agricultural land could contribute to LUCF projects by adopting sustainable practices that increase soil carbon, afforestation of low-productivity land, and conversion to agroforestry. The outputs from any of these activities could also be used to produce biofuels. In addition, reforestation, afforestation and plantations may relieve pressure to harvest mature forests. Plantations can also be designed and managed to provide multiple environmental benefits [17] .
Reforestation includes natural or assisted native forest regeneration or restoration [17] and differs from afforestation only in terms of the period of time land has been without forest (afforested land having been without forest for much longer) [3] . Carbon sequestration rates of 1.2-7.1 tC/ha/yr (in biomass, soils and woody debris) for afforested sites in mainly temperate regions have been reported [87] .
The choice of plantation system will depend on whether the objective is to offset carbon emissions over a short period or to maximize the amount of carbon stored in the long term [42] . Short-rotation plantations with fast-growing trees have high capacity for carbon sequestration but short-term capacity for carbon storage [31] . In contrast, some slow-growing trees may have the capacity to store large amounts of carbon in the long term.
Forest conservation, through reduced or avoided deforestation, offers significant benefits for the global climate [12, [88] [89] [90] . Mature forests may have negligible carbon sequestration potential because growth is approximately balanced by mortality, but avoiding their deforestation prevents the emission of significant amounts of carbon into the atmosphere [17] . For the Brazilian Amazon, Fearnside estimates that avoiding deforestation could produce carbon benefits worth 6-45 times as much as the destructive ranching and logging uses to which the forest is now being converted. However, it is uncertain whether avoided deforestation can be made a viable mitigation option [89, 91] .
In managed forest lands, there is often a large potential to improve stand management, yielding returns in both carbon and productivity [92] [93] [94] [95] . The reduction of carbon losses from forests can be achieved by changing harvest regimes, converting to reduced-impact logging and controlling disturbances such as fire and pest outbreaks [1] . Managing natural forests that are still growing offers significant carbon benefits. For example, carbon losses were decreased by 30% through improved harvesting techniques of a stand in Sabah, Malaysia [17] . Options for management of forests that have been degraded through previous logging or agricultural use include natural regeneration, actively restoring the land to native forest, or establishing plantation forestry with native or exotic species [17] .
Agriculture is a source of CO 2 , CH 4 , and N 2 O, and can also be a sink for CO 2 through carbon sequestration into biomass products and soil organic matter [96] . Thomson et al. report that 40 Pg C could be sequestered in agricultural soil over a 50-100-year span by applying improved agricultural practices [20] . These may include conservation tillage, using crop rotations with high biomass-producing crops, planting cover crops, managing soil fertility, and using manures and organic by-products [19, 86] . Chan provides a comprehensive review of the impact of tillage on soil organic carbon [97] .
Options for grasslands include converting them to forest or increasing their productivity and carbon content through management changes [20] , but increased fertilizer application would result in higher N 2 O emissions. High carbon prices would provide incentives to reforest pasture lands, although land quality and competing demands for meat would influence this decision. If existing agricultural land can be used more productively, less forest land will need to be converted to cropland and pasture for food production, reducing carbon emissions from deforestation and land conversion [17] .
Another option for agricultural land is agroforestry. Proper design and management of agroforestry practices can make them effective carbon sinks [98] . Agroforestry can sequester carbon in soil as well as trees, and help maintain soil structure, reduce rates of soil erosion and decomposition of the litter layer, and increase inputs to the soil [17] . Average carbon storage by agroforestry has been estimated as 9, 21, 50, and 63 Mg C/ha in semi-arid, sub-humid, humid and temperate regions. In the humid tropics, the potential of agroforestry to sequester carbon in vegetation can be over 70 Mg C/ha, and up to 25 Mg C/ ha in the top 20 cm of soil [98] . Some agroforestry systems are also able to mitigate N 2 O and CH 4 emissions compared with cropping systems [99] . 
Biofuels
Biomass was the traditional source of energy used by humans before the development of fossil fuels [100] . Biomass energy is close to carbon neutral because it produces energy while releasing carbon that has been captured during the growing cycle of plants, rather than burning carbon that was locked into fossil fuels millions of years ago [101] . The rationale for including biofuels in this review is their ability to replace fossil fuels and their potential for causing large-scale changes in land-use patterns. The consumption of primary energy in the world is approximately 400 EJ per year. About 80% of this is supplied by fossil fuels [102] and about 14% is provided by biomass [100, 101] . Biomass fuel is mostly used in developing countries in the form of wood and dung for heating and cooking. Modern bioenergy (commercial energy production from biomass) contributed only 7 EJ in 2000 [102] , but there is significant potential for this contribution to increase. Estimates of this potential vary widely in the literature, ranging from 47 to 450 EJ/yr by 2050, depending on assumptions regarding land availability and biomass yields [103] . Figure 3 presents a simplified representation of the biomass conversion process. Production of fuels for transportation may involve one of three general processes: fermentation, gasification and esterification [102] . Ethanol, the most common liquid biofuel, is produced through fermentation of sugars and starches contained in biomass; this can be preceded by hydrolysis to convert ligno-cellulosic biomass to sugars. An alternative technique involves gasification of biomass to produce syngas (synthesis gas) that can be converted to methanol, hydrogen and other fuels. When the biomass consists of oil seeds, biodiesel can be produced via oil extraction and esterification [102] .
Biofuel production systems differ in terms of the energy required to cultivate, harvest, process and transport biomass, and the CO 2 emissions associated with these activities affect their desirability as abatement options [100] . Generally speaking, the economic performance and abatement potential of 'traditional' biofuels such as oilseeds for biodiesel and cereals for ethanol is poor, as these crops need good-quality land and their production requires fertilizer and chemicals [102] . Therefore, most studies consider biomass plantations as the most important future source of biomass for energy [103] . Future ethanol production may be based on coppice cropping of fast-growing trees, using the lignin fraction of wood to provide energy for the fermentation of cellulose and hemicellulose [100] . These ligno-cellulosic systems could reach competitive cost levels within one to two decades [102] .
Short-rotation forests and C 4 plants grown on a commercial scale can produce over 400 GJ/ha/yr under good growing conditions [101] . However, average productivity will be lower than this. Dedicated bioenergy crops are largely undomesticated and there is scope through breeding and biotechnology to improve their performance. A particularly useful research outcome would be the development of low-input systems (in terms of nutrients and chemicals) that can be planted on marginal lands [101] .
Implications for the Future
The potential avoidance and removal of carbon emissions through LUCF activities is about 2 Pg C/yr over the next Figure 3 Simplified representation of biofuel production pathways; based on information from [101, 102] http://www.cababstractsplus.org/cabreviews 50 years, with about 80% of this potential in the tropics [1] . Figure 4 shows the likely distribution of these activities. Tree plantations offer significant opportunities; over half of the plantations in the world are located in the tropics, which contain 758 Mha of degraded or depleted land [31] . Countries such as Brazil have large areas of land that are not currently forested and are suitable for plantations [88, 104, 105] . This technical potential, however, may be difficult to achieve when we consider that much of the land in the tropics is managed by semi-subsistence farmers and shifting cultivators, whose willingness to participate in biological mitigation projects would need to be addressed [48] .
The case of forest conservation offers some challenges. The carbon credits obtained from avoiding deforestation will depend on carbon stocks maintained relative to those that would have occurred in the absence of the project. It follows that higher carbon payments would be obtained by protecting forest under imminent threat. But this type of forest is likely to be close to roads and settlements, and therefore will have a higher opportunity cost (land price) than remote forest. Protection of remote forest, on the other hand, may be associated with high biodiversity outcomes, and may be cheaper to achieve, but may not provide significant carbon revenues because the baseline does not involve deforestation in the near future. The size and number of forest reserves that result will differ considerably depending on whether a 'firefighting' approach (protect land under current threat) or a 'preemptive' approach (protect remote areas with low opportunity cost) is used [106] . Carbon payments would stimulate firefighting, provided that payments were high enough to cover the opportunity cost of protecting the land. An ideal situation for carbon projects would occur where forests under imminent threat also have a high biodiversity value.
Possible obstacles to the growth of commercial bioenergy have to do with environmental issues, such as reduced biodiversity caused by monocultures of fastgrowing trees, and ethical issues when biofuel production leads to food shortages. There is also the risk of depletion of soil carbon in production systems for bioenergy, because a higher proportion of organic matter and nutrients are removed compared with conventional agriculture and forestry systems [107] . The demand for biofuels is already causing damage to forests in Southeast Asia, where large areas of land have been cleared to plant oil palm (a biodiesel feedstock) [108] . Biofuel-led deforestation highlights the importance of including penalties for deforestation (or rewards for avoiding it) in climate policy. Despite these conflicts, bioenergy will remain an important component in the portfolio of activities that will include other renewable energy sources such as wind and solar [101] . Clearly, to exploit the bioenergy potential it will be necessary to improve agricultural efficiency in developing countries [102] .
Ultimately, the extent to which carbon will be sequestered in forest and agricultural soils will depend on issues of economics and policy design [109] . As shown above, a wide variety of land management practices might be encouraged if increasing soil carbon in agricultural and forest land could earn carbon credits.
Summary and Conclusions
There is significant potential for land-use systems to contribute to climate mitigation efforts. Estimates as high as 2 Pg C/yr over the next 50 years have been suggested in the literature. For this to occur, it will be necessary that landholders receive incentives either in the form of carbon payments or as perceived future improvements in land productivity and profits.
Systems based on trees in plantations, agroforestry or as environmental plantings offer the best opportunities, because aboveground biomass in these systems is relatively cheap to measure to a level of precision acceptable in the carbon market. Projects based on forest conservation have considerable potential for reducing carbon emissions, but measurement of their carbon benefits requires behavioural assumptions regarding baseline deforestation rates. Creating and analysing remote-sensing datasets, coupled with modelling, would help estimate credible baselines for forest protection.
Soil carbon represents the largest carbon pool of terrestrial ecosystems, and there is considerable potential to sequester carbon through agricultural management; but slow accumulation, high variability, and high measurement costs make this pool less suitable for trading in carbon markets. These obstacles can be overcome through technical innovation in measuring soil carbon or by developing agreed standards that relate site characteristics to carbon content, thereby reducing measurement requirements. Figure 4 The potential of various LUCF activities to mitigate carbon emissions and/or sequester carbon; source: [1] http://www.cababstractsplus.org/cabreviews
Carbon markets may also have negative consequences, such as increased environmental damage caused by biofuel production, particularly where tropical forest is cleared for this purpose. To prevent this damage, it will be critical to develop biofuel production systems that are economically competitive, source biomass from marginal lands, and require low fertilizer inputs.
The patterns of land uses that emerge in the future will be influenced by the price of carbon relative to the prices of food and energy, but they will also depend on the 'rules of the game' and the institutions that develop for trading carbon. In this regard, full carbon accounting would be the best driver for adoption of sustainable land-use systems and to discourage deforestation and other carbonemitting practices. Institutional developments, in conjunction with ongoing scientific progress to develop precise and inexpensive monitoring techniques will determine whether the opportunities offered by carbon markets result in sustainable land-use systems.
There is no doubt that carbon markets will affect landuse decisions throughout the world. There is a window of opportunity of about 50-100 years during which carbon payments could be captured to conserve forest, help restore degraded land, establish sustainable land-use systems and provide income to rural communities. These activities would sequester carbon over several decades, until a new equilibrium in terrestrial carbon stocks is reached and additional sequestration is balanced by respiration and decomposition. This will give time for new technologies to be developed in the energy and transport sectors, which ultimately have to carry the burden of reducing emissions from fossil fuels. Ideally by the time new energy technologies are fully adopted, the new sustainable land-use systems would be economically attractive and there would be no reason to reverse them. Ultimately, the mitigation effort should focus on comprehensive land management rather than on single options.
